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Objective: To review the literature on the role and regulation of chondrocyte terminal differentiation
(hypertrophy-like changes) in osteoarthritis (OA) and to integrate this in a conceptual model of primary
OA development.
Methods: Papers investigating chondrocyte terminal differentiation in human OA cartilage and experi-
mental models of OA were recapitulated and discussed. Focus has been on the occurrence of
hypertrophy-like changes in chondrocytes and the factors described to play a role in regulation of
chondrocyte hypertrophy-like changes in OA.
Results: Chondrocyte hypertrophy-like changes are reported in both human OA and experimental OA
models by most investigators. These changes play a crucial part in the OA disease process by protease-
mediated cartilage degradation. We propose that altered chondrocyte behavior and concomitant
cartilage degradation result in a disease-amplifying loop, leading to a mixture of disease stages and
cellular responses within an OA joint.
Conclusion: Chondrocyte hypertrophy-like changes play a role in early and late stage OA. Since not all
cells in an OA joint are synchronized, inhibition of hypertrophy-like changes might be a therapeutic
target to slow down further OA progression.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is the most common joint disease and highly
associated with age. This disease is characterized by a change in
chondrocyte behavior that leads to elevated production of proteo-
lytic enzymes, such as matrix metalloproteinase13 (MMP13), and
consequently to cartilage damage and loss of joint function.
However, one has to keep in mind that alternative routes are
proposed that can lead to OA, amongst others mechanical wear and
tear, bone changes and changes in the cartilage extracellularmatrix.
Changes in chondrocyte behavior, such as expression of hyper-
trophy markers and matrix calciﬁcation, frequently resemble the
phenomena observed in the hypertrophic layer of the growth plate
of long bones, but other phenotypic changes are also reported1. In
this article, we will discuss the occurrence and role of chondrocyte
hypertrophy-like changes in (experimental) OA. Discussed will be
cartilage calciﬁcation, apoptosis, autophagy, transgenic and knock
out mouse models, and factors involved in regulation ofM. van der Kraan, Department
, Geert Grooteplein 28, 6525
31-24-3540403.
M. van der Kraan).
s Research Society International. Phypertrophy-like changes. Finally, wewill put forward a theoretical
model of OA development and the part that hypertrophy-like
changes play in this disease.Chondrocyte differentiation
Hyaline cartilage can be largely divided into temporary and
permanent cartilage. Temporary hyaline cartilage is found in the
embryonic stages of endochondral bones and the growth plate and
is ﬁnally replaced by bone. Permanent hyaline cartilage, present
amongst others in articulating joints, does not undergo terminal
differentiation under normal conditions. The cellular origin of both
types of temporary and permanent cartilage is similar. As
concluded from both in vivo and in vitro studies, the default route of
chondrocyte differentiation is terminal differentiation (hyper-
trophy and apoptosis)2e7. An enlightening in vivo model of adult
chondrocyte differentiation is osteophyte formation8. Osteophytes
are the result of chondrogenic differentiation of mesenchymal stem
cells in the periosteum. Initially cartilage is formed but the ﬁnal
product is bone. Apparently, unrestricted differentiation of
precursor cells into the chondrocyte lineage does not lead to
permanent cartilage but to bone. In articular cartilage, this default
route is somehow blocked to obtain permanent cartilage.ublished by Elsevier Ltd. All rights reserved.
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actively produce cartilage-degrading enzymes, such MMP13 and
aggrecanases9e13. The exact activation mechanism of chondrocytes
in OA cartilage is not understood. Age-related changes in the
extracellular matrix molecules or activation by inﬂammatory
cytokines, like IL-1, might play a role in direct activation of the
chondrocytes as recently discussed14e16. Alternatively, the altered
phenotype might be the result of articular chondrocytes taking
a differentiation route resembling that of growth plate chon-
drocytes, expressing hypertrophy-like changes. This will be
accompanied by acquisition of an autolytic phenotype by the
chondrocytes resulting in destruction of the surrounding cartilage.
The occurrence of chondrocyte hypertrophy-like changes in OA is
discussed below.
Indications for chondrocyte hypertrophy-like changes in OA
The exact pathogenic mechanism of OA is still not elucidated, if
there is at all a general, major mechanism. It can be anticipated that
more than one road leads to cartilage destruction and loss of joint
function. This can be different for different OA subgroups. A route
that has been proposed is that articular chondrocyte loose their
differentiated phenotype and obtain a behavior with similarities to
terminal differentiating chondrocytes (hypertrophy-like), as can be
found in the growth plate of growing individuals17,18.
Markers of hypertrophic chondrocytes are several, the most
widely used are type X collagen and MMP1319e21. However,
osteopontin, osteocalcin, Indian Hedgehog, Runx2, VEGF, HtrA1
and transglutaminase-2 (TG-2) are all shown to be associated with
chondrocyte hypertrophy22e28. However, one has to keep in mind
that, although accepted as a hypertrophy marker, MMP13 synthesis
is induced in chondrocytes by alternative routes, such as inﬂam-
mation and mechanical stress16,29,30.
The ultimate end stage of chondrocyte hypertrophy is calcium
deposition. This state has not necessarily to be reached in OA
cartilage. More important for the disease initiation and progression
is the fact that hypertrophic chondrocytes degrade their
surroundings, as can be seen in OA. What is more, cartilage calci-
ﬁcation does not have to be unavoidably related to chondrocyte
hypertrophy. However, calciﬁcation of articular cartilage appears to
be associated with elevated expression of hypertrophy markers31.
Calciﬁcation of articular cartilage
Calciﬁcation of articular cartilage and ossiﬁcation as a result of
terminal differentiation of chondrocytes might be different
processes, but a number of studies have indicated overlapping
phenomena. Studies in the sixties and seventies of the last century
have shown that in human cartilage the number of tidemarks, the
line bordering the calciﬁed cartilage and the non-calciﬁed cartilage,
is increased above the age of 6032,33. This movement of the tide-
mark to the cartilage surface should result in an increase in the
thickness of the calciﬁed cartilage, but it is shown that instead the
calciﬁed zone becomes thinner during aging. This indicates
replacement of the lower calciﬁed cartilage by bone because of
endochondral ossiﬁcation.
Not only aging, but also OA is related to ossiﬁcation processes in
articular cartilage. Next to increased alkaline phosphates and pyro-
phosphate levels, calciﬁcation is a common observation in OA34e38.
Not only in large joints, but also degenerative changes in interver-
tebral discs have been associated with tissue calciﬁcation39,40.
Articular cartilage calciﬁcation is not always easily identiﬁed by
X-ray, but Fuerst et al. showed the presence of calciﬁcations in all
examined OA cartilage samples by digital contact radiography31. In
these studies, severity ofOAcorrelatedpositivelywith the amountofmatrix calciﬁcation and basic calcium phosphate was identiﬁed as
the principal mineral. In cell culture experiments, OA chondrocytes
showed a strong correlation between their ability to produce
calciumphosphate invitro and the extentofmineralizationobserved
in the donors. Furthermore, induction of hypertrophy-like changes
in healthy human chondrocytes led to unambiguous calciﬁcation of
the extracellular matrix31,41,42.
However, others have concluded that calciﬁcation of OA artic-
ular cartilage is related to age instead of OA itself43. This is mainly
based on the observation that no further increase in cartilage
calcium levels was observed when OA structural changes increased
from moderate to severe. From these data, it could also be
concluded that calciﬁcation is a rather early phenomenon and does
not further increase in end-stage OA. In addition, age is the main
risk factor for OA development and age-related calciﬁcation points
to an age-related underlying mechanism, coupling calciﬁcation and
cartilage damage.
Markers for chondrocyte hypertrophy-like changes in human
cartilage
Type X collagen is considered as the standard marker for
chondrocyte hypertrophy. The function of type X collagen is still not
clear but its expression at sites of chondrocyte hypertrophy and
calciﬁcation suggest a role in the early stage of endochondral bone
formation. Type X collagen is normally not expressed in human
healthy articular cartilage but its expression is detected at protein
and mRNA level in human OA cartilage17,44e50. Particularly in the
vicinity of lesions, COL10A1 has been shown to be up regulated51. In
a study of Fukui et al., studying the regional and zonal differences in
gene expression in OA cartilage, it was demonstrated that overall
expression of COL10A1 was elevated but that expression showed
signiﬁcant local variation. Notably, the expression of type COL10A1
was higher in the less degenerated than in the more degenerated
areas52,53. However, a number of expression array studies, both in
human and experimental OA, have failed to detect elevated
COL10A1 expression in OA cartilage47,48,54. Sampling differences,
zonal differences and stage dependent alterations might explain
these differences. An alternative explanation is that chondrocyte
hypertrophy-like changes are not a general phenomenon in human
OA but only observed in a subgroup of human OA patients.
Anothermarker of hypertrophy, collagenase-3 orMMP13, is also
frequently shown to be elevated in OA cartilage9,10,55,56. Up regu-
lation of MMP13 by more than 40-fold in OA cartilage compared to
normal cartilage was shown by microarray and RT-PCR52. More-
over, even investigators that did not report an elevation of COL10A1
expression clearly demonstrated increased expression of MMP13 in
OA cartilage48,57, which appears to indicate that MMP13 and type X
collagen expression are uncoupled and MMP13 expression can be
elevated by alternative pathways than chondrocyte terminal
differentiation.
Other genes or proteins, related to chondrocyte hypertrophy,
that have been demonstrated to be more highly expressed in OA
cartilage than normal cartilage are amongst others; osteocalcin50,
osteopontin58, osteonectin59, Indian Hedgehog51, Runx260, VEGF61,
beta-catenin62, alkaline phosphatase59. Expression of Sox9,
a crucial transcription factor for chondrocytes, is down regulated in
human OA cartilage as is observed in terminal differentiating
growth plate chondrocytes48,60,63,64.
Hypertrophic chondrocytes in the growth plate do not only
express speciﬁc molecules such as type X collagen, but also
undergo apoptosis to make bone deposition possible65. Apoptosis
can be considered as a marker for chondrocyte hypertrophy in OA
cartilage66. Chondrocytes in human OA cartilage have demon-
strated elevated Tunel staining and express the apoptosis markers,
Table I




Runx2 Master transcription factor in chondrocyte
hypertrophic differentiation
11,78,82
HIF2-alpha Transcription factor in chondrocyte
hypertrophic differentiation
C/EBPbeta Transcription factor in chondrocyte
hypertrophic differentiation
83,84
GADD45beta Stimulating factor in chondrocyte
hypertrophic differentiation, via C/EBPbeta
85
Nfat1 Transcription factor in chondrocyte
hypertrophic differentiation
86e89
b-catenin Transcription factor in chondrocyte
hypertrophic differentiation
Smad2/3 Blocks Runx2 function 90,103e106,112,113
Smad1/5/8 Stimulates Runx2 function 90,103e106,112,113
DDR2 Collagen receptor, modulation of
Runx2 action
118
Matrilin-3 Extracellular matrix molecule 122
SirT1 Histone deacetylase, transcription regulator 124
TG-2 Extracellular cross-linking enzyme 23,127
Interleukin-8 Cytokine regulating chondrocyte
hypertrophic differentiation
108
S100 proteins Ca-binding proteins 109
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over, caspase inhibitors reduce severity of cartilage lesions in
experimental models of OA70. However, the role of apoptosis in OA
remains enigmatic. Some studies show such a high number of
apoptotic cells that this is hard to merge with a slowly progressive
disease. Nevertheless, the abundant presence of apoptosis markers
in OA chondrocytes suggests a phenotype that resembles that of
terminally differentiated hypertrophic chondrocytes.
A process related to apoptosis and that has attracted increasing
attention in OA is autophagy. Hypertrophic chondrocytes in the
growth plate have been shown to undergo autophagy71. Autophagy
has been put forward as an alternative cause of chondrocyte cell
death in OA72. In contrast, autophagy could be a cartilage protective
mechanismwhich is lost upon aging and OA development73,74. The
exact role of autophagy in chondrocyte hypertrophy and OA is not
elucidated yet but will be an important subject of investigation in
the coming years.
Markers for chondrocyte hypertrophy-like changes in OA
models
Little is known about chondrocyte hypertrophy and sponta-
neous age-related OA in animal models. However, increased
expression of chondrocyte hypertrophy markers has been observed
in OA cartilage of aging OA-prone Hartley guinea pigs and horses
with OA show chondrocyte apoptosis25,75,76. Somewhat more
information is available about the occurrence of these markers in
induced OA models. Hypertrophy markers have been observed in
several models of OA in different species. In mice, in which OA was
induced by provoking knee joint instability by transection of knee
ligaments and removal of the medial meniscus, elevated expression
of MMP13 and type X collagen was reported77,78. Rats that under-
went anterior cruciate transection and forced mobilization
expressed alkaline phosphatase, MMP13 and type X collagen in the
affected knee joints79. Medial meniscectomy in larger animals such
as sheep resulted in chondrocyte hypertrophy-like changes in the
OA cartilage after 6 months80. These observations indicate that
chondrocyte hypertrophic changes in OA cartilage are not limited to
humans and can be observed in both small and large animals. In
mice, regulation of chondrocyte hypertrophy and its relation with
OA development have been studied in a large number of
genetically-modiﬁed animals.
Regulators of chondrocyte hypertrophy-like changes and OA
A number of transgenic mouse strains, both knock outs and
transgenics, have been developed that support a role for chon-
drocyte terminal differentiation in the OA process. Genetic modiﬁ-
cations that stimulate chondrocyte hypertrophy-like changes are
frequently associated with a higher incidence of OA or accelerated
OA development. However, one has to keep in mind that many of
these genetic alterations might also affect bone and joint formation
and inﬂuence in this way OA development. Moreover, the obser-
vation that genetic modiﬁcations drive chondrocyte hypertrophy-
like changes and OA in mice, do not prove that these genes and
proteins play a part in human OA in the general population.
However, thesemodels provide insight in the regulation of cartilage
homeostasis and can point toward potential essential molecular
routes in OA (Table I).
Transcription factors
A number of transcription factors have been identiﬁed that
regulate chondrocyte differentiation and have an important role in
the transition to chondrocyte hypertrophy. Chondrocytehypertrophy is not under the strict control of a single transcription
factor but appears to be regulated by a regulatory network.
However, a pecking order of factors is likely, but the exact contri-
bution of different transcription factors to this process has not been
elucidated yet. However, it is clear that Runx2 is indispensable for
chondrocyte terminal differentiation.
Runx2 is a master transcription factor involved in chondrogenic
differentiation and completely controls chondrocyte hypertrophic
differentiation11,81. A core Runx2 regulated element is present in
the type X collagen promotor82. Runx2 expression is elevated in OA
cartilage in humans and experimental models11,78,82. What is more,
heterozygous RUNX-2-deﬁcient mice show, after surgical induction
of knee joint instability, decreased OA severity and reduced type X
collagen and MMP13 expression78.
Hypoxia-inducible factor-2alpha (HIF-2alpha) is a transcription
factor that is highly expressed in human OA cartilage and experi-
mental murine OA83. HIF-2alpha is important for chondrocyte
terminal differentiation. HIF-2alpha, encoded by the gene EPAS1, is
a very potent transactivator of COL10A184. It has been shown that
HIF-2alpha enhances promoter activities of COL10A1, MMP13 and
VEGF through speciﬁc binding to hypoxia-responsive elements.
Epas1-heterozygous mice showed resistance to OA development
and chondrocyte-speciﬁc Epas1 transgenic mice demonstrated
spontaneous cartilage destruction. These results indicate that
HIF-2alpha causes cartilage destruction by stimulating chondrocyte
terminal differentiation andup regulation of catabolic enzymes83,84.
Another transcription factor that has been suggested to be
involved in chondrocyte terminal differentiation and OA is CCAAT/
enhancer-binding protein beta (C/EBPbeta)85. Mouse embryos and
isolated chondrocytes with a homozygous deﬁciency in C/EBPbeta
exhibited delayed chondrocyte hypertrophy. In contrast, over-
expression of C/EBPbeta in chondrocytes enhanced hypertrophy.
Cartilage destruction in instability-induced OA in C/EBPbeta
heterozygous was less severe than in wild type mice85.
Recently, it was reported that C/EBPbeta co-localizes with the
regulatory protein Growth arrest and DNA damage-inducible
protein 45beta (GADD45beta) in aging articular chondrocytes in
senescence-accelerated mice (SAMP1) mice86. GADD45beta is
a BMP-2 early response gene, via the Smad1/Runx2 route, and an
essential mediator of MMP13 expression during terminal
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hypertrophic chondrocytes and early OA but not in late stage OA88.
Nuclear factor of activated T cells 1 (Nfat1) is a transcription
factor of a family that has been known to regulate gene transcrip-
tion in response to T cell receptor-mediated signals in lymphocytes.
However, the function of Nfat1 appears not be restricted to
lymphocytes, Nfat1 knock out mice show OA development and
elevated MMP13 and type X collagen levels at age 3 months and
older. Interestingly, in these mice elevated type X collagen
expressionwas associated with increased expression of Ctnnb1, the
gene encoding the wnt signaling molecule b-catenin90.
Transgenic mouse models show that both decreased and
elevated levels of b-catenin result in cartilage damage62,91. Over-
expression of b-catenin led to high expression of hypertrophy
markers (e.g., MMP13, type X collagen) by articular chondrocytes
while conditional knock down of b-catenin led to chondrocyte
apoptosis62,91. Both models showed cartilage destruction, but the
model showing elevated b-catenin levels and elevated hypertrophy
markers demonstrated a pattern of joint destruction more similar
to spontaneous OA. Elevated canonical wnt signaling drives OA
development by increasing Runx2 activity thereby boosting
hypertrophic differentiation of chondrocytes92e94.
Wnt signaling during chondrocyte hypertrophy is modulated by
other extra- and intracellular proteins. It has been shown that
TGF-b and BMP signaling is modulated by wnt signaling, most
probably by modulation of Smad signaling95e98. Moreover, Sox9
and b-catenin interact in their control of chondrocyte differentia-
tion. Sox9 and b-catenin reciprocally inﬂuence each others degra-
dation and compete in combination with TCF-LEF with promotor
binding sites associated with chondrocyte differentiation99,100.
The Smads are the most important transcription factors of the
TGF-b superfamily, a family that contains amongst other the
TGF-b’s and the BMPs. Smads play an important role in all aspects of
chondrocyte differentiation. These factors control chondrocyte
hypertrophy by modulating the function of Runx2. Smads are
phosphorylated by TGF-b superfamily type I receptors (activin-like
kinases, ALKs). The ALKs determine which Smads are phosphory-
lated; Smad2 and 3 are phosphorylated by ALK4, 5 or 7 and Smad1,
5 or 8 by ALK1, 2, 3 or 6. In chondrocytes it has been shown that
TGF-b can activate both ALK5 and ALK1, activating different
response genes, as demonstrated by Finsson et al. and our own
group101,102. Smad2 and 3 are essential signaling molecules in the
inhibitory effect of TGF-b on chondrocyte hypertrophy and Smad3
appears to play a more prominent role than Smad2103. While
terminal differentiation is blocked by signaling via Smad2/3,
hypertrophy strictly requires Smad1/5/8 signaling104. Moreover, in
knock out mice it was shown that loss of both Smad1 and 5 results
in blocking of chondrocyte hypertrophy. Furthermore, Smad6 and
Smurf1 and 2 are known inhibitors of mainly Smad1/5/8 signaling
and accelerate proteosomal breakdown of phospho-Smads. Mice
overexpressing either Smad6 or Smurf1 demonstrated inhibition of
chondrocyte hypertrophy105. Smads modulate chondrocyte differ-
entiation by a physical interaction with Runx2. Complex formation
of Runx2 with Smad1 is crucial for the function of Runx2 while
interaction of Smad3with Runx2 inhibits Runx2 functioning106e114.
Apparently, Runx2 is a switch that is either activated or inhibited by
different Smads, in this way determining chondrocyte hypertrophy.
We have observed an age-related loss of ALK5 and Smad2/3
phosphorylation in murine articular cartilage and in two experi-
mental OA models, the DMM (meniscus destabilization) model and
STR/ORTmice (spontaneousOA)115. Expressionofnon-phosporylated
Smad2 or Smad3 was not different in young and old animals. Inter-
estingly, expression of the alternative TGF-b receptor, ALK1, did not
diminish to a similar extent as ALK5 during aging and experimental
OA102. In addition, overexpression of constitutively active ALK1 inchondrocytes resulted in increased expression of MMP13102. More-
over, inhibition of ALK5 expression using siRNA resulted in elevated
expression of MMP13. These observations indicate that ALK1
signaling, via Smad1/5/8, stimulates hypertrophy-like changes in
articular chondrocytes.
Non transcription factors
A number of transcription factors of which Runx2 is essential
controls chondrocyte hypertrophy. However, other molecules are
known to control chondrocyte hypertrophy-like changes. The
Discoidin Domain Receptor 2 (DDR2) is a receptor tyrosine kinase
that is activated by collagen binding and has been proposed to
play a role in OA116. Progression of cartilage degeneration in
haploinsufﬁcient DDR2 mice with surgically-induced OA was
strikingly reduced117. Recently it was found that during osteogenic
differentiation DDR2 regulates the transactivity of Runx2 by
modulating its phosphorylation118. DDR2 increased Runx2 trans-
activation and stimulated type X collagen expression in ADTC5
cells-derived hypertrophic chondrocytes118. However, merely over
expression of DDR2 in murine cartilage does not lead to cartilage
degradation119. Only when the pericellular matrix is degraded, for
instance by the serine protease HtrA1, DDR2 can be activated by
type II collagen binding119,120. Expression of HtrA1 in chon-
drocytes is suggested to be induced by excessive loading, but has
also been shown to be associated with chondrocyte terminal
differentiation28,120.
Matrilin-3 is a non-collagenous pericellular matrix protein of
which mutations have shown to be involved in early onset OA121.
Matrilin-3 deﬁcient mice showed in the embryonic growth plate of
the developing long bones chondrocytes that prematurely became
prehypertrophic and hypertrophic122. However, at birth matrilin-3
deﬁcient mice showed no gross skeletal malformations. However,
old matrilin-3 knock out mice showed a higher incidence of severe
OA. Apparently, matrilin-3 deﬁciency increases chondrocyte
hypertrophy-like changes and leads to a higher incidence of OA.
SirT1 is a histone deacetylase that regulates gene expression,
and SirT1 has been implicated as a key factor in aging-related
diseases123. In human cartilage, SirT1 was hardly detectable in
severely degenerated areas while SirRT1 was clearly expressed in
less damaged regions124. Inhibition of SirT1 by siRNA induced
expression of chondrocyte hypertrophy markers, namely a signiﬁ-
cant up regulation of COL10A1. This is in line with studies showing
that SirT1 protects against chondrocyte apoptosis, a hallmark of
chondrocyte terminal differentiation125,126.These observations
suggest that SirT1 expression decreases with OA development of
OA and that decrease of SirT1 in chondrocytes causes chondrocyte
hypertrophy and cartilage degeneration.
TG-2 belongs to a family of protein cross-linking enzymes.
Increased TG-2 expression is found in human and experimental
OA127. In an instability-induced murine OA model it was found that
TG-2 deﬁcient mice had reduced cartilage destruction but
increased osteophyte formation compared to wild type mice127.
Chondrocytes from TG-2 knock out mice lost the capacity to
undergo hypertrophic differentiation induced by retinoic acid23.
This indicates that TG-2 knock out mice are protective to OA due to
a diminished capacity for chondrocyte hypertrophy-like changes.
Besides these single factors, it becomes more and more clear
that inﬂammatory factors can accelerate chondrocyte hypertrophy.
Inﬂammatory factors such as interleukin-8, ligands for RAGE
receptors like the S100 proteins, and NFkB signaling components all
appear to play a role in the regulation of chondrocyte terminal
differentiation108e111,114. A lingering, (sub)clinical inﬂammatory
reaction in the joint might in this way contribute to the unwanted
terminal differentiation of articular chondrocytes.
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differentiation, also mechanical stress, direct or indirect via soluble
mediators, can stimulate terminal differentiation. A review on
mechanics and chondrocyte hypertrophy by Donkelaar and Wilson
has recently been published128.
Apparently, chondrocyte terminal differentiation canbeenhanced
by a variety of stimuli and regulated intra-cellularly by a number of
transcription, and other, factors with a central role for Runx2 (Fig. 1).
The default route of chondrocyte differentiation appears to be
terminaldifferentiation, adestiny that isblocked inyoungandhealthy
articular cartilage. Inhibition of chondrocyte hypertrophy is a highly
regulated process. Primary OA is an age-related disease. Aging is
associated with an increase in “chaos”, and as a consequence of this
related to a loss in regulatory control of biological processes129e132.
Therefore, it can be postulated that during aging the active inhibition
of chondrocyte terminal differentiation is lost and that chondrocytes
regain their default differentiation route leading to hypertrophy-like
changes. Although an attractive concept, this model is not very easy
to prove experimentally.Chondrocyte hypertrophy-like changes in a conceptual model
of human primary, aging-related OA
Human primary OA is an age-dependent, slowly progressive
disease. It is clear that several subgroups of primary OA exist in the
human population with, until now not fully deﬁned, different
characteristics. However, alterations in chondrocyte behavior
appear to take a central position in the OA disease process. On the
other hand, alternative routes, not chondrocyte-centered, are put
forward that might lead to OA.
In OA, different phases can be recognized that are not only
different in timing but that can occur simultaneously within a joint,
but at different locations (Fig. 2). In this way creating in a particular
OA joint a mixture of processes and cellular reactions. It should beFig. 1. Factors regulating chondrocyte hypertrophic-like changes and produced by these cho
proteins that are involved in tissue remodeling and calciﬁcation. A number of (transcription
differentiated chondrocyte. Factors shown to be involved in OA-related hypertrophy-like chclear that the early stages (initiation and progression stage) will not
be diagnosed as clinical OA. Furthermore, one should keep in mind
that this conceptual model is only appropriate for primary,
age-related OA, and that even for this speciﬁc subgroup alternative
pathogenic routes are possible.
Initiation stage
A full-grown joint of a young adult starts as a healthy organwith
homeostasis of the various tissues in this organ. In the articular
chondrocytes of this joint, the step to hypertrophy-like changes is
actively blocked, amongst other by TGF-b. During aging, the
behavior of the chondrocytes alters and a subset of cells acquires
a phenotype that resembles that of hypertrophic chondrocytes,
producing MMP13. A striking age-related change in articular
cartilage is the loss of ALK5 and Smad2/3 phosphorylation. Phos-
phorylated Smad3 is a known blocker of chondrocyte hypertrophy.
Moreover, HtrA1 a broad-substrate enzyme involved in degrada-
tion of the pericellular matrix and expressed in early experimental
OA and hypertrophic chondrocytes, is a potent blocker of TGF-b
signaling28,120,133,134. Which cells acquire an altered behavior, and
when, is dependent on a number of variables such as genetic
constitution, joint loading, joint architecture, presence of inﬂam-
matory stimuli and stochastic processes.
Progression stage
ReleaseandactivationofHtrA1,MMP13andaggrecanaseswill lead
to degradation of the pericellular and intercellular matrix. Focal
release of proteoglycans will make collagen more vulnerable to
proteolytic degradation. Exposure of the type II collagen matrix will
inﬂuence chondrocytes byanalteredbiomechanical environment and
changes in chondrocyte differentiation via the DDR2 receptor, stim-
ulating hypertrophy-like changes. This process is a self-perpetuatingndrocytes. Chondrocytes that undergo hypertrophy-like changes produce a number of

























Fig. 2. Chondrocyte hypertrophy-like changes in a conceptual model of human primary OA. Cells that have acquired a “hypertrophy-like” phenotype (black) play an essential role
in cartilage breakdown by synthesis of MMP13 and ADAMTS4 and 5. TGF-b acts as a chondroprotective factor in young healthy cartilage but looses this action during aging.
Chondrocytes in clones neighboring cartilage damage are involved in an unsuccessful attempt at repair, but also contribute to further damage by release of proteolytic enzymes. Of
note, besides TGF-b numerous other signaling molecules, enzymes and matrix molecules are involved in the OA disease process.
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chondrocyte hypertrophic alterations. In addition, synovial activation,
triggered by damage-associated breakdown products, will lead to
production of inﬂammatory cytokines and growth factors, further
boosting changes in chondrocyte behavior and subsequent cartilage
damage. Factors released from the damaged cartilage matrix and the
activated synovial cells will attract inﬂammatory cells, such as
macrophages, andwill stimulate synovial ﬁbrosis. Moreover, elevated
levels of TGF-bwill set off osteophyte formation, originating from the
mesenchymal precursor cells in the periosteum.
Late stage
The cartilage contains sites that are heavily damaged. Cartilage
neighboring the damaged locations contains a population of chon-
drocytes that appears to be involved in an attempt to repair the
damage. Thesecells, that showsignsof cellproliferation, are located in
clusters and show high levels of Smad2/3 and Smad1/5/8 phosphor-
ylation (own data, not shown). The latter is indicative of activation of
these cells by members of the TGF-b superfamily. Apparently,
different chondrocyte population canbediscriminated: chondrocytes
that do not show Smad phosphorylation in the less damaged areas of
OA cartilage and cells surrounding damage cartilage displaying clear
Smadphosphorylation.Thesecells, althoughappearing tobe involved
in an attempt at repair, probably contribute to further cartilage
damage by their activated characteristics, exempliﬁed by elevated
MMP13 production. It seems that this population of “repair” cells is
only present in the highly damaged areas since more intact human
cartilage do not show these cell clusters.
End stage
The end-stage will be a mixture of eburnated bone without
cartilage, severely damaged cartilage with clefts and ﬁssures, less
damaged ﬁbrillated cartilage and cartilage that looks histologicallyrelatively normal. In severely damaged cartilage, chondrocyte
clusters are found. At the joint margins, calciﬁed osteophytes are
present and the synovial tissue is activated, showing inﬁltrated
inﬂammatory cells, cell proliferation and ﬁbrosis. Due to the altered
biomechanics and release of cytokines and growth factors, the
subchondral bone has become sclerotic and shows focal bone cysts.
This is the general picture that one gets from end-stage OA cartilage
obtained during joint arthroplasty.
The initiation stage is age-dependent and driven by chondrocyte
senescence such as changes in chondrocyte receptor expression,
maybe because of changes in genemethylation.When the initiation
stage is ongoing and irreversible cartilage damage is inﬂicted
(damage to the collagen matrix), the process is a slow but
self-perpetuating process mediated by a self-enhancing loop of
changes in chondrocyte behavior (hypertrophy-like) and increasing
damage to the cartilage matrix. On top of this, neighboring
damaged cartilage, chondrocytes are triggered to overcome the
damage. However, these cells apparently further contribute to the
OA process by the production of MMP13.
Primary OA is a slow, age-related, disease process with a mix of
disease stages and cellular responses within a joint. This and the
fact that only end-stage human OA cartilage is readily available
make reproducible tissue sampling a complicated task. Although
most studies report hypertrophy-like changes in OA chondrocytes,
the latter could be the explanation for variability between different
ﬁndings. Alternatively different patient groups exist, with and
without hypertrophic changes. Since chondrocyte behavior is not
synchronized in an OA joint, and OA starts as a focal process,
inhibition of chondrocyte hypertrophy-like alterations could be
a therapeutic target to block further OA progression.Author contributions
PvdK: Literature survey, manuscript preparation.
WvdB: Manuscript preparation.
P.M. van der Kraan, W.B. van den Berg / Osteoarthritis and Cartilage 20 (2012) 223e232 229Conﬂicts of interest
The authors have no conﬂicts of interests with regard to the content
of this article.
Acknowledgments
Work from our own laboratory was supported by the Dutch
Arthritis Association (Reumafonds).
Our local animal ethics committee approved all animal experi-
ments performed at our laboratory.
References
1. Gouttenoire J, Valcourt U, Ronziere MC, ubert-Foucher E,
Mallein-Gerin F, Herbage D. Modulation of collagen synthesis
in normal and osteoarthritic cartilage. Biorheology 2004;
41(3e4):535e42.
2. Paciﬁci M, Golden EB, Oshima O, Shapiro IM, Leboy PS,
Adams SL. Hypertrophic chondrocytes. The terminal stage of
differentiation in the chondrogenic cell lineage? Ann N Y
Acad Sci 1990;599:45e57.
3. Szuts V, Mollers U, Bittner K, Schurmann G, Muratoglu S,
Deak F, et al. Terminal differentiation of chondrocytes is
arrested at distinct stages identiﬁed by their expression
repertoire of marker genes. Matrix Biol 1998;17(6):435e48.
4. Poliard A, Ronziere MC, Freyria AM, Lamblin D, Herbage D,
Kellermann O. Lineage-dependent collagen expression and
assembly during osteogenic or chondrogenic differentiation
of a mesoblastic cell line. Exp Cell Res 1999;253(2):385e95.
5. Yoo JU, Johnstone B. The role of osteochondral progenitor cells
in fracture repair. Clin Orthop Relat Res 1998;(355 Suppl):
S73e81.
6. Pelttari K,Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, et al.
Premature induction of hypertrophy during in vitro chondro-
genesis of human mesenchymal stem cells correlates with
calciﬁcation andvascular invasionafter ectopic transplantation
in SCID mice. Arthritis Rheum 2006;54(10):3254e66.
7. Hennig T, Lorenz H, Thiel A, Goetzke K, Dickhut A, Geiger F,
et al. Reduced chondrogenic potential of adipose tissue
derived stromal cells correlates with an altered TGFbeta
receptor and BMP proﬁle and is overcome by BMP-6. J Cell
Physiol 2007;211(3):682e91.
8. van der Kraan PM, van den Berg WB. Osteophytes: relevance
and biology. Osteoarthritis Cartilage 2007;15(3):237e44.
9. MoldovanF, Pelletier JP,Hambor J, Cloutier JM,Martel-Pelletier J.
Collagenase-3 (matrix metalloprotease 13) is preferentially
localized in the deep layer of human arthritic cartilage in situ:
in vitro mimicking effect by transforming growth factor beta.
Arthritis Rheum 1997;40(9):1653e61.
10. Shlopov BV, Gumanovskaya ML, Hasty KA. Autocrine regu-
lation of collagenase 3 (matrix metalloproteinase 13) during
osteoarthritis. Arthritis Rheum 2000;43(1):195e205.
11. Wang X, Manner PA, Horner A, Shum L, Tuan RS, Nuckolls GH.
Regulation of MMP-13 expression by RUNX2 and FGF2 in
osteoarthritic cartilage. Osteoarthritis Cartilage 2004;12(12):
963e73.
12. Song RH, Tortorella MD, Malfait AM, Alston JT, Yang Z,
Arner EC, et al. Aggrecan degradation in human articular
cartilage explants is mediated by both ADAMTS-4 and
ADAMTS-5. Arthritis Rheum 2007;56(2):575e85.
13. Plaas A, Osborn B, Yoshihara Y, Bai Y, Bloom T, Nelson F, et al.
Aggrecanolysis in human osteoarthritis: confocal localization
and biochemical characterization of ADAMTS5-hyaluronan
complexes in articular cartilages. Osteoarthritis Cartilage
2007;15(7):719e34.14. Goldring MB, Otero M, Plumb DA, Dragomir C, Favero M,
El HK, et al. Roles of inﬂammatory and anabolic cytokines in
cartilage metabolism: signals and multiple effectors converge
upon MMP-13 regulation in osteoarthritis. Eur Cell Mater
2011;21:202e20.
15. Marcu KB, Otero M, Olivotto E, Borzi RM, Goldring MB.
NF-kappaB signaling: multiple angles to target OA. Curr Drug
Targets 2010;11(5):599e613.
16. Loeser RF. Age-related changes in the musculoskeletal system
and the development of osteoarthritis. Clin Geriatr Med
2010;26(3):371e86.
17. von der MK, Kirsch T, Nerlich A, Kuss A, Weseloh G,
Gluckert K, et al. Type X collagen synthesis in human
osteoarthritic cartilage. Indication of chondrocyte hyper-
trophy. Arthritis Rheum 1992;35(7):806e11.
18. Dreier R. Hypertrophic differentiation of chondrocytes in
osteoarthritis: the developmental aspect of degenerative
joint disorders. Arthritis Res Ther 2010;12(5):216.
19. Kirsch T, von der MK. Remodelling of collagen types I, II and X
and calciﬁcation of human fetal cartilage. Bone Miner 1992;
18(2):107e17.
20. Nurminskaya M, Linsenmayer TF. Identiﬁcation and charac-
terization of up-regulated genes during chondrocyte hyper-
trophy. Dev Dyn 1996;206(3):260e71.
21. Alvarez J, Balbin M, Santos F, Fernandez M, Ferrando S,
Lopez JM. Different bone growth rates are associated with
changes in the expression pattern of types II and X collagens
and collagenase 3 in proximal growth plates of the rat tibia.
J Bone Miner Res 2000;15(1):82e94.
22. Binette F, McQuaid DP, Haudenschild DR, Yaeger PC,
McPherson JM, Tubo R. Expression of a stable articular cartilage
phenotype without evidence of hypertrophy by adult human
articular chondrocytes invitro. JOrthopRes1998;16(2):207e16.
23. Johnson KA, van ED, Nanda N, Graham RM, Terkeltaub RA.
Distinct transglutaminase 2-independent and transglutaminase
2-dependent pathways mediate articular chondrocyte hyper-
trophy. J Biol Chem 2003;278(21):18824e32.
24. Mueller MB, Tuan RS. Functional characterization of hyper-
trophy in chondrogenesis of human mesenchymal stem cells.
Arthritis Rheum 2008;58(5):1377e88.
25. Huebner JL, Johnson KA, Kraus VB, Terkeltaub RA. Trans-
glutaminase 2 is a marker of chondrocyte hypertrophy and
osteoarthritis severity in the Hartley guinea pig model of
knee OA. Osteoarthritis Cartilage 2009;17(8):1056e64.
26. Solomon LA, Berube NG, Beier F. Transcriptional regulators of
chondrocyte hypertrophy. Birth Defects Res C Embryo Today
2008;84(2):123e30.
27. Horner A, Bishop NJ, Bord S, Beeton C, Kelsall AW, Coleman N,
et al. Immunolocalisation of vascular endothelial growth
factor (VEGF) in human neonatal growth plate cartilage.
J Anat 1999;194(Pt 4):519e24.
28. Tsuchiya A, Yano M, Tocharus J, Kojima H, Fukumoto M,
KawaichiM, et al. Expression ofmouseHtrA1 serine protease in
normal boneandcartilage and its upregulation in joint cartilage
damaged by experimental arthritis. Bone 2005;37(3):323e36.
29. Goldring MB, Otero M, Tsuchimochi K, Ijiri K, Li Y. Deﬁning
the roles of inﬂammatory and anabolic cytokines in cartilage
metabolism. Ann Rheum Dis 2008;67(Suppl 3):iii75e82.
30. Fitzgerald JB, Jin M, Chai DH, Siparsky P, Fanning P,
Grodzinsky AJ. Shear- and compression-induced chondrocyte
transcription requires MAPK activation in cartilage explants.
J Biol Chem 2008;283(11):6735e43.
31. Fuerst M, Bertrand J, Lammers L, Dreier R, Echtermeyer F,
Nitschke Y, et al. Calciﬁcation of articular cartilage in human
osteoarthritis. Arthritis Rheum 2009;60(9):2694e703.
P.M. van der Kraan, W.B. van den Berg / Osteoarthritis and Cartilage 20 (2012) 223e23223032. Lane LB, Bullough PG. Age-related changes in the thickness of
the calciﬁed zone and the number of tidemarks in adult human
articular cartilage. J Bone Joint Surg Br 1980;62(3):372e5.
33. Burr DB, Schafﬂer MB. The involvement of subchondral
mineralized tissues in osteoarthrosis: quantitative micro-
scopic evidence. Microsc Res Tech 1997;37(4):343e57.
34. Huskisson EC, Dieppe PA, Tucker AK, Cannell LB. Another look
at osteoarthritis. Ann Rheum Dis 1979;38(5):423e8.
35. Shitama K, Takagishi N, Takasuga R, Yuge D. Ultrastructure of
the deep zone of degenerative osteoarthritic cartilage. Nip-
pon Seikeigeka Gakkai Zasshi 1981;55(3):317e23.
36. Gordon GV, Villanueva T, Schumacher HR, Gohel V. Autopsy
study correlating degree of osteoarthritis, synovitis and
evidence of articular calciﬁcation. J Rheumatol 1984;11(5):
681e6.
37. Karpouzas GA, Terkeltaub RA. New developments in the
pathogenesis of articular cartilage calciﬁcation. Curr Rheu-
matol Rep 1999;1(2):121e7.
38. Einhorn TA, Gordon SL, Siegel SA, Hummel CF, Avitable MJ,
Carty RP. Matrix vesicle enzymes in human osteoarthritis.
J Orthop Res 1985;3(2):160e9.
39. Rutges JP, Duit RA, Kummer JA, Oner FC, van Rijen MH,
Verbout AJ, et al. Hypertrophic differentiation and calciﬁca-
tion during intervertebral disc degeneration. Osteoarthritis
Cartilage 2010;18(11):1487e95.
40. Resnick D. Degenerative diseases of the vertebral column.
Radiology 1985;156(1):3e14.
41. Fuerst M, Niggemeyer O, Lammers L, Schafer F, Lohmann C,
Ruther W. Articular cartilage mineralization in osteoarthritis
of the hip. BMC Musculoskelet Disord 2009;10:166.
42. Fuerst M, Lammers L, Schafer F, Niggemeyer O, Steinhagen J,
Lohmann CH, et al. Investigation of calcium crystals in OA
knees. Rheumatol Int 2010;30(5):623e31.
43. Mitsuyama H, Healey RM, Terkeltaub RA, Coutts RD, Amiel D.
Calciﬁcation of human articular knee cartilage is primarily an
effect of aging rather than osteoarthritis. Osteoarthritis
Cartilage 2007;15(5):559e65.
44. Hoyland JA, Thomas JT, Donn R, Marriott A, Ayad S,
Boot-Handford RP, et al. Distribution of type X collagen
mRNA in normal and osteoarthritic human cartilage. Bone
Miner 1991;15(2):151e63.
45. von der MK, Frischholz S, Aigner T, Beier F, Belke J,
Erdmann S, et al. Upregulation of type X collagen expression
in osteoarthritic cartilage. Acta Orthop Scand Suppl 1995;
266:125e9.
46. Walker GD, Fischer M, Gannon J, Thompson Jr RC,
Oegema Jr TR. Expression of type-X collagen in osteoarthritis.
J Orthop Res 1995;13(1):4e12.
47. Aigner T, Fundel K, Saas J, Gebhard PM, Haag J, Weiss T, et al.
Large-scale gene expression proﬁling reveals major patho-
genetic pathways of cartilage degeneration in osteoarthritis.
Arthritis Rheum 2006;54(11):3533e44.
48. Brew CJ, Clegg PD, Boot-Handford RP, Andrew JG,
Hardingham T. Gene expression in human chondrocytes in
late osteoarthritis is changed in both ﬁbrillated and intact
cartilage without evidence of generalised chondrocyte
hypertrophy. Ann Rheum Dis 2010;69(1):234e40.
49. Kirsch T, Swoboda B, Nah H. Activation of annexin II and V
expression, terminal differentiation, mineralization and
apoptosis in human osteoarthritic cartilage. Osteoarthritis
Cartilage 2000;8(4):294e302.
50. Pullig O, Weseloh G, Ronneberger D, Kakonen S, Swoboda B.
Chondrocyte differentiation in human osteoarthritis: expres-
sion of osteocalcin in normal and osteoarthritic cartilage and
bone. Calcif Tissue Int 2000;67(3):230e40.51. Tchetina EV, Squires G, Poole AR. Increased type II collagen
degradation and very early focal cartilage degeneration is
associated with upregulation of chondrocyte differentiation
related genes in early human articular cartilage lesions.
J Rheumatol 2005;32(5):876e86.
52. Fukui N, Miyamoto Y, Nakajima M, Ikeda Y, Hikita A,
Furukawa H, et al. Zonal gene expression of chondrocytes in
osteoarthritic cartilage. Arthritis Rheum 2008;58(12):
3843e53.
53. Fukui N, Ikeda Y, Ohnuki T, Tanaka N, Hikita A, Mitomi H,
et al. Regional differences in chondrocyte metabolism in
osteoarthritis: a detailed analysis by laser capture microdis-
section. Arthritis Rheum 2008;58(1):154e63.
54. Appleton CT, Pitelka V, Henry J, Beier F. Global analyses of
gene expression in early experimental osteoarthritis.
Arthritis Rheum 2007;56(6):1854e68.
55. Billinghurst RC, Dahlberg L, Ionescu M, Reiner A, Bourne R,
Rorabeck C, et al. Enhanced cleavage of type II collagen by
collagenases in osteoarthritic articular cartilage. J Clin Invest
1997;99(7):1534e45.
56. Shlopov BV, Lie WR, Mainardi CL, Cole AA, Chubinskaya S,
Hasty KA. Osteoarthritic lesions: involvement of three
different collagenases. Arthritis Rheum 1997;40(11):
2065e74.
57. Aigner T, Zien A, Gehrsitz A, Gebhard PM,McKenna L. Anabolic
andcatabolic geneexpressionpatternanalysis innormal versus
osteoarthritic cartilage using complementary DNA-array
technology. Arthritis Rheum 2001;44(12):2777e89.
58. Pullig O, Weseloh G, Gauer S, Swoboda B. Osteopontin is
expressed by adult human osteoarthritic chondrocytes:
protein and mRNA analysis of normal and osteoarthritic
cartilage. Matrix Biol 2000;19(3):245e55.
59. Goyal N, Gupta M, Joshi K, Nagi ON. Immunohistochemical
analysis of ageing and osteoarthritic articular cartilage. J Mol
Histol 2010;41(4e5):193e7.
60. Orfanidou T, Iliopoulos D, Malizos KN, Tsezou A. Involvement
of SOX9 and FGF23 in RUNX2 regulation in osteoarthritic
chondrocytes. J Cell Mol Med 2009.
61. Pfander D, Kortje D, Zimmermann R, Weseloh G, Kirsch T,
Gesslein M, et al. Vascular endothelial growth factor in
articular cartilage of healthy and osteoarthritic human knee
joints. Ann Rheum Dis 2001;60(11):1070e3.
62. Zhu M, Tang D, Wu Q, Hao S, Chen M, Xie C, et al. Activation of
beta-catenin signaling in articular chondrocytes leads to
osteoarthritis-like phenotype in adult beta-catenin condi-
tional activation mice. J Bone Miner Res 2009;24(1):12e21.
63. Hattori T, Muller C, Gebhard S, Bauer E, Pausch F, Schlund B,
et al. SOX9 is a major negative regulator of cartilage vascu-
larization, bone marrow formation and endochondral ossiﬁ-
cation. Development 2010;137(6):901e11.
64. Lefebvre V, Behringer RR, de CB. L-Sox5, Sox6 and Sox9
control essential steps of the chondrocyte differentiation
pathway. Osteoarthritis Cartilage 2001;(9 Suppl A):S69e75.
65. Zenmyo M, Komiya S, Kawabata R, Sasaguri Y, Inoue A,
Morimatsu M. Morphological and biochemical evidence for
apoptosis in the terminal hypertrophic chondrocytes of the
growth plate. J Pathol 1996;180(4):430e3.
66. Blanco FJ, Guitian R, Vazquez-Martul E, de Toro FJ, Galdo F.
Osteoarthritis chondrocytes die by apoptosis. A possible
pathway for osteoarthritis pathology. Arthritis Rheum 1998;
41(2):284e9.
67. Matsuo M, Nishida K, Yoshida A, Murakami T, Inoue H.
Expression of caspase-3 and -9 relevant to cartilage
destruction and chondrocyte apoptosis in human osteoar-
thritic cartilage. Acta Med Okayama 2001;55(6):333e40.
P.M. van der Kraan, W.B. van den Berg / Osteoarthritis and Cartilage 20 (2012) 223e232 23168. Sharif M, Whitehouse A, Sharman P, Perry M, Adams M.
Increased apoptosis in human osteoarthritic cartilage corre-
sponds to reduced cell density and expression of caspase-3.
Arthritis Rheum 2004;50(2):507e15.
69. Kim HA, Lee YJ, Seong SC, Choe KW, Song YW. Apoptotic
chondrocyte death in human osteoarthritis. J Rheumatol
2000;27(2):455e62.
70. D’Lima D, Hermida J, Hashimoto S, Colwell C, Lotz M. Caspase
inhibitors reduce severity of cartilage lesions in experimental
osteoarthritis. Arthritis Rheum 2006;54(6):1814e21.
71. Srinivas V, Shapiro IM. Chondrocytes embedded in the
epiphyseal growth plates of long bones undergo autophagy
prior to the induction of osteogenesis. Autophagy 2006;
2(3):215e6.
72. Almonte-Becerril M, Navarro-Garcia F, Gonzalez-Robles A,
Vega-Lopez MA, Lavalle C, Kouri JB. Cell death of chon-
drocytes is a combination between apoptosis and autophagy
during the pathogenesis of osteoarthritis within an experi-
mental model. Apoptosis 2010;15(5):631e8.
73. Lee SW, Song YS, Lee SY, Yoon YG, Lee SH, Park BS, et al.
Downregulation of protein kinase CK2 activity facilitates
tumor necrosis factor-alpha-mediated chondrocyte death
through apoptosis and autophagy. PLoS One 2011;6(4):
e19163.
74. Carames B, Taniguchi N, Otsuki S, Blanco FJ, Lotz M. Auto-
phagy is a protective mechanism in normal cartilage, and its
aging-related loss is linked with cell death and osteoarthritis.
Arthritis Rheum 2010;62(3):791e801.
75. Burton DW, Foster M, Johnson KA, Hiramoto M, Deftos LJ,
Terkeltaub R. Chondrocyte calcium-sensing receptor expres-
sion is up-regulated in early guinea pig knee osteoarthritis
and modulates PTHrP, MMP-13, and TIMP-3 expression.
Osteoarthritis Cartilage 2005;13(5):395e404.
76. Kim DY, Taylor HW, Moore RM, Paulsen DB, Cho DY. Articular
chondrocyte apoptosis in equine osteoarthritis. Vet J 2003;
166(1):52e7.
77. Kamekura S, Hoshi K, Shimoaka T, Chung U, Chikuda H,
Yamada T, et al. Osteoarthritis development in novel exper-
imental mouse models induced by knee joint instability.
Osteoarthritis Cartilage 2005;13(7):632e41.
78. Kamekura S, Kawasaki Y, Hoshi K, Shimoaka T, Chikuda H,
Maruyama Z, et al. Contribution of runt-related transcription
factor 2 to the pathogenesis of osteoarthritis in mice after
induction of knee joint instability. Arthritis Rheum 2006;
54(8):2462e70.
79. Appleton CT, McErlain DD, Pitelka V, Schwartz N, Bernier SM,
Henry JL, et al. Forced mobilization accelerates pathogenesis:
characterization of a preclinical surgical model of osteoar-
thritis. Arthritis Res Ther 2007;9(1):R13.
80. Ghosh P, Burkhardt D, Read R, Bellenger C. Recent advances
in animal models for evaluating chondroprotective drugs.
J Rheumatol Suppl 1991;27:143e6.
81. Hecht J, Seitz V, Urban M, Wagner F, Robinson PN, Stiege A,
et al. Detection of novel skeletogenesis target genes by
comprehensive analysis of a Runx2(e/e) mouse model. Gene
Expr Patterns 2007;7(1e2):102e12.
82. Higashikawa A, Saito T, Ikeda T, Kamekura S, Kawamura N,
Kan A, et al. Identiﬁcation of the core element responsive to
runt-related transcription factor 2 in the promoter of human
type X collagen gene. Arthritis Rheum 2009;60(1):166e78.
83. Yang S, Kim J, Ryu JH, Oh H, Chun CH, Kim BJ, et al. Hypoxia-
inducible factor-2alpha is a catabolic regulator of osteoarthritic
cartilage destruction. Nat Med 2010;16(6):687e93.
84. Saito T, Fukai A, Mabuchi A, Ikeda T, Yano F, Ohba S, et al.
Transcriptional regulation of endochondral ossiﬁcation byHIF-2alpha during skeletal growth and osteoarthritis
development. Nat Med 2010;16(6):678e86.
85. Hirata M, Kugimiya F, Fukai A, Ohba S, Kawamura N,
Ogasawara T, et al. C/EBPbeta promotes transition from
proliferation to hypertrophic differentiation of chondrocytes
through transactivation of p57. PLoS One 2009;4(2):e4543.
86. Shimada H, Sakakima H, Tsuchimochi K, Matsuda F, Komiya S,
Goldring MB, et al. Senescence of chondrocytes in aging
articular cartilage: GADD45beta mediates p21 expression in
association with C/EBPbeta in senescence-accelerated mice.
Pathol Res Pract 2011;207(4):225e31.
87. Tsuchimochi K, Otero M, Dragomir CL, Plumb DA, Zerbini LF,
Libermann TA, et al. GADD45beta enhances Col10a1 tran-
scription via the MTK1/MKK3/6/p38 axis and activation of
C/EBPbeta-TAD4 in terminally differentiating chondrocytes.
J Biol Chem 2010;285(11):8395e407.
88. Ijiri K, Zerbini LF, Peng H, Otu HH, Tsuchimochi K, Otero M,
et al. Differential expression of GADD45beta in normal and
osteoarthritic cartilage: potential role in homeostasis of
articular chondrocytes. Arthritis Rheum2008;58(7):2075e87.
89. Ijiri K, Zerbini LF, Peng H, Correa RG, Lu B, Walsh N, et al.
A novel role for GADD45beta as a mediator of MMP-13 gene
expression during chondrocyte terminal differentiation. J Biol
Chem 2005;280(46):38544e55.
90. Wang J, Gardner BM, Lu Q, Rodova M, Woodbury BG, Yost JG,
et al. Transcription factorNfat1 deﬁciency causes osteoarthritis
through dysfunction of adult articular chondrocytes. J Pathol
2009;219(2):163e72.
91. Zhu M, Chen M, Zuscik M, Wu Q, Wang YJ, Rosier RN, et al.
Inhibition of beta-catenin signaling in articular chondrocytes
results in articular cartilage destruction. Arthritis Rheum
2008;58(7):2053e64.
92. Dong YF, Soung dY, Schwarz EM, O’Keefe RJ, Drissi H. Wnt
induction of chondrocyte hypertrophy through the Runx2
transcription factor. J Cell Physiol 2006;208(1):77e86.
93. Guo X, Mak KK, Taketo MM, Yang Y. The Wnt/beta-catenin
pathway interacts differentially with PTHrP signaling to
control chondrocyte hypertrophy and ﬁnal maturation. PLoS
One 2009;4(6):e6067.
94. Kitagaki J, Iwamoto M, Liu JG, Tamamura Y, Pacifci M, Eno-
moto-Iwamoto M. Activation of beta-catenin-LEF/TCF signal
pathway in chondrocytes stimulates ectopic endochondral
ossiﬁcation. Osteoarthritis Cartilage 2003;11(1):36e43.
95. Dong YF, Soung do Y, Chang Y, Enomoto-Iwamoto M, Paris M,
O’Keefe RJ, et al. Transforming growth factor-beta and Wnt
signals regulate chondrocyte differentiation through Twist1 in
a stage-speciﬁcmanner.Mol Endocrinol 2007;21(11):2805e20.
96. Gaur T, Rich L, Lengner CJ, Hussain S, Trevant B, Ayers D, et al.
Secreted frizzled related protein 1 regulates Wnt signaling
for BMP2 induced chondrocyte differentiation. J Cell Physiol
2006;208(1):87e96.
97. Guo X, Wang XF. Signaling cross-talk between TGF-beta/BMP
and other pathways. Cell Res 2009;19(1):71e88.
98. Fuentealba LC, Eivers E, Ikeda A, Hurtado C, Kuroda H,
Pera EM, et al. Integrating patterning signals: Wnt/GSK3
regulates the duration of the BMP/Smad1 signal. Cell 2007;
131(5):980e93.
99. Huang BL, Brugger SM, Lyons KM. Stage-speciﬁc control of
connective tissue growth factor (CTGF/CCN2) expression in
chondrocytes by Sox9 and beta-catenin. J Biol Chem 2010;
285(36):27702e12.
100. Akiyama H, Lyons JP, Mori-Akiyama Y, Yang X, Zhang R,
Zhang Z, et al. Interactions between Sox9 and beta-catenin
control chondrocyte differentiation. Genes Dev 2004;18(9):
1072e87.
P.M. van der Kraan, W.B. van den Berg / Osteoarthritis and Cartilage 20 (2012) 223e232232101. Finnson KW, Parker WL, ten Dijke P, Thorikay M, Philip A.
ALK1 opposes ALK5/Smad3 signaling and expression of
extracellular matrix components in human chondrocytes.
J Bone Miner Res 2008;23(6):896e906.
102. Blaney Davidson EN, Remst DF, Vitters EL, van Beuningen HM,
Blom AB, Goumans MJ, et al. Increase in ALK1/ALK5 ratio as
a cause for elevated MMP-13 expression in osteoarthritis in
humans and mice. J Immunol 2009;182(12):7937e45.
103. Alvarez J, Serra R. Unique and redundant roles of Smad3 in
TGF-beta-mediated regulation of long bone development in
organ culture. Dev Dyn 2004;230(4):685e99.
104. Hellingman CA, Davidson EN, Koevoet W, Vitters EL, van den
Berg WB, van Osch GJ, et al. Smad signaling determines chon-
drogenic differentiation of bone-marrow-derived mesen-
chymal stem cells: inhibition of Smad1/5/8P prevents terminal
differentiation and calciﬁcation. Tissue Eng Part A 2011.
105. Horiki M, Imamura T, Okamoto M, Hayashi M, Murai J,
Myoui A, et al. Smad6/Smurf1 overexpression in cartilage
delays chondrocyte hypertrophy and causes dwarﬁsm with
osteopenia. J Cell Biol 2004;165(3):433e45.
106. Hjelmeland AB, Schilling SH, Guo X, Quarles D, Wang XF. Loss
of Smad3-mediated negative regulation of Runx2 activity
leads to an alteration in cell fate determination. Mol Cell Biol
2005;25(21):9460e8.
107. Zheng L, Baek HJ, Karsenty G, Justice MJ. Filamin B represses
chondrocyte hypertrophy in a Runx2/Smad3-dependent
manner. J Cell Biol 2007;178(1):121e8.
108. Cecil DL, Rose DM, Terkeltaub R, Liu-Bryan R. Role of
interleukin-8 in PiT-1 expression and CXCR1-mediated
inorganic phosphate uptake in chondrocytes. Arthritis
Rheum 2005;52(1):144e54.
109. Cecil DL, Johnson K, Rediske J, Lotz M, Schmidt AM,
Terkeltaub R. Inﬂammation-induced chondrocyte hyper-
trophy is driven by receptor for advanced glycation end
products. J Immunol 2005;175(12):8296e302.
110. Cecil DL, Terkeltaub R. Transamidation by transglutaminase 2
transforms S100A11 calgranulin into a procatabolic cytokine
for chondrocytes. J Immunol 2008;180(12):8378e85.
111. Cecil DL, Appleton CT, Polewski MD, Mort JS, Schmidt AM,
Bendele A, et al. The pattern recognition receptor CD36 is
a chondrocyte hypertrophy marker associated with suppres-
sion of catabolic responses and promotion of repair responses
to inﬂammatory stimuli. J Immunol 2009;182(8):5024e31.
112. Javed A, Bae JS, Afzal F, Gutierrez S, Pratap J, Zaidi SK, et al.
Structural coupling of Smad and Runx2 for execution of the
BMP2 osteogenic signal. J Biol Chem 2008;283(13):8412e22.
113. Javed A, Afzal F, Bae JS, Gutierrez S, Zaidi K, Pratap J, et al.
Speciﬁc residues of RUNX2 are obligatory for formation of
BMP2-induced RUNX2-SMAD complex to promote osteoblast
differentiation. Cells Tissues Organs 2009;189(1e4):133e7.
114. Olivotto E, Borzi RM, Vitellozzi R, Pagani S, Facchini A,
Battistelli M, et al. Differential requirements for IKKalpha and
IKKbeta in the differentiation of primary human osteoar-
thritic chondrocytes. Arthritis Rheum 2008;58(1):227e39.
115. Blaney Davidson EN, Vitters EL, van der Kraan PM, van den
Berg WB. Expression of transforming growth factor-beta
(TGFbeta) and the TGFbeta signalling molecule SMAD-2P in
spontaneous and instability-induced osteoarthritis: role in
cartilage degradation, chondrogenesis and osteophyte
formation. Ann Rheum Dis 2006;65(11):1414e21.
116. Xu L, Peng H, Wu D, Hu K, Goldring MB, Olsen BR, et al.
Activation of the discoidin domain receptor 2 induces
expression of matrix metalloproteinase 13 associated with
osteoarthritis in mice. J Biol Chem 2005;280(1):548e55.117. Xu L, Servais J, Polur I, Kim D, Lee PL, Chung K, et al. Atten-
uation of osteoarthritis progression by reduction of discoidin
domain receptor 2 in mice. Arthritis Rheum 2010;62(9):
2736e44.
118. Zhang Y, Su J, Yu J, Bu X, Ren T, Liu X, et al. An essential role of
discoidin domain receptor 2 (DDR2) in osteoblast differenti-
ation and chondrocyte maturation via modulation of Runx2
activation. J Bone Miner Res 2011;26(3):604e17.
119. Xu L, Polur I, Servais JM, Hsieh S, Lee PL, Goldring MB, et al.
Intact pericellular matrix of articular cartilage is required for
unactivated discoidin domain receptor 2 in the mouse model.
Am J Pathol 2011;179(3):1338e46.
120. Polur I, Lee PL, Servais JM, Xu L, Li Y. Role of HTRA1, a serine
protease, in the progression of articular cartilage degenera-
tion. Histol Histopathol 2010;25(5):599e608.
121. Mabuchi A, Haga N, Maeda K, Nakashima E, Manabe N,
Hiraoka H, et al. Novel and recurrent mutations clustered in
the von Willebrand factor A domain of MATN3 in multiple
epiphyseal dysplasia. Hum Mutat 2004;24(5):439e40.
122. van der Weyden L, Wei L, Luo J, Yang X, Birk DE, Adams DJ,
et al. Functional knockout of the matrilin-3 gene causes
premature chondrocyte maturation to hypertrophy and
increases bone mineral density and osteoarthritis. Am J
Pathol 2006;169(2):515e27.
123. Blum CA, Ellis JL, Loh C, Ng PY, Perni RB, Stein RL. SIRT1
modulation as a novel approach to the treatment of diseases
of aging. J Med Chem 2011;54(2):417e32.
124. Fujita N, Matsushita T, Ishida K, Kubo S, Matsumoto T,
Takayama K, et al. Potential involvement of SIRT1 in the
pathogenesis of osteoarthritis through the modulation of
chondrocyte gene expressions. J Orthop Res 2010.
125. Oppenheimer H, Gabay O, Meir H, Haze A, Kandel L,
Liebergall M, et al. 75kDa SirT1 blocks TNFalpha-mediated
apoptosis in human osteoarthritic chondrocytes. Arthritis
Rheum 2011.
126. Gagarina V, Gabay O, Dvir-Ginzberg M, Lee EJ, Brady JK,
QuonMJ, et al. SirT1 enhances survival of human osteoarthritic
chondrocytes by repressing protein tyrosine phosphatase 1B
and activating the insulin-like growth factor receptor
pathway. Arthritis Rheum 2010;62(5):1383e92.
127. Orlandi A, Oliva F, Taurisano G, Candi E, Di LA, Melino G, et al.
Transglutaminase-2 differently regulates cartilage destruction
and osteophyte formation in a surgicalmodel of osteoarthritis.
Amino Acids 2009;36(4):755e63.
128. van Donkelaar CC, Wilson W. Mechanics of chondrocyte
hypertrophy. Biomech Model Mechanobiol 2011.
129. Dufour E, Larsson NG. Understanding aging: revealing order
out of chaos. Biochim Biophys Acta 2004;1658(1e2):122e32.
130. Driessens FC. Theory about aging in humans and hypotheses
about its possible delay. Med Hypotheses 1994;43(4):
187e92.
131. Lipsitz LA, Goldberger AL. Loss of ‘complexity’ and aging.
Potential applications of fractals and chaos theory to
senescence. JAMA 1992;267(13):1806e9.
132. Kyriazis M. Applications of chaos theory to the molecular
biology of aging. Exp Gerontol 1991;26(6):569e72.
133. ShigaA,NozakiH,YokosekiA,NihonmatsuM,KawataH,KatoT,
et al. Cerebral small-vessel disease protein HTRA1 controls the
amount of TGF-beta1 via cleavage of proTGF-beta1. Hum Mol
Genet 2011;20(9):1800e10.
134. Tocharus J, Tsuchiya A, Kajikawa M, Ueta Y, Oka C,
Kawaichi M. Developmentally regulated expression of mouse
HtrA3 and its role as an inhibitor of TGF-beta signaling. Dev
Growth Differ 2004;46(3):257e74.
